A new geometrically unique ultrasonic motor (USM) was designed, prototyped, and tested. USMs operate by vibrating a drive tip in an elliptical motion while in periodic contact with a driven surface. Piezoelectric elements are used to create the elliptical motions and are driven at near resonance frequencies to create the needed displacements for the motor to operate. The motor in this article consists of an arched frame, a center ground, and two piezoelectric elements connected to the center ground. Several finite element models were developed to design the motor and to predict performance. The models predicted a linear motor capable of pushing up to 5 N and a maximum speed of 0.4 m/s. A prototype frame was built out of tool steel and run against an oxide ceramic plate. The prototype motor achieved a maximum speed of 55.6 mm/s and a push force of 0.348 N at a preload of 6 N. The prototype frame's steady-state displacements were approximately 20% of the expected output from the finite element models. Reasons for these discrepancies are discussed and investigated.
INTRODUCTION
C ONVENTIONAL electromagnetic motors were invented over 150 years ago. Through the years, their designs have evolved to achieve greater efficiencies that dominate the electric motor industry today. However, one of the current limitations with small electromagnetic motors is their lower efficiency. This is especially true for electromagnetic motors smaller than one cubic centimeter (Uchino and Koc, 1999) . Piezoelectric motors are a feasible solution to achieve greater small motor efficiency and can offer many other advantages for specific applications that conventional electromagnetic motors cannot. Piezoelectric motors can be divided into three basic categories: impact drive mechanisms, inchworm mechanisms, and ultrasonic motors (Ngol et al., 2003) . The objective of this article is to present the design approach, analysis, and test results of a bidirectional single-input ultrasonic motor. While many researchers and papers look at perfecting past designs, the focus of this article is to present the first draft of a new ultrasonic motor.
Ultrasonic Motors
The literature on the design and application of ultrasonic motors (USMs) is becoming strong (Kamano et al., 1987; Nakamura et al., 1991; Sashida and Kenjo, 1993; Ueha and Tomikawa, 1993; Uchino, 1997; Wallaschek, 1998; Koc¸et al., 2002; Friend et al., 2003; Elliptec Resonant Actuator AG, 2004; Waldimir Wischnewskiy, 2004; Teschler, 2005; Ho, 2006) . USMs typically use one or more piezoelectric elements to resonate a drive tip or surface in an elliptical motion. The motor is driven at an ultrasonic frequency (>20 kHz), which is inaudible to the human ear. Many USMs can be directly applied to linear or rotary applications by just changing the driven surface. Since the piezoelectric elements in the motor are driven above 20 kHz, a high frequency power source must be used to drive the motor.
USMs have several advantages and a few design challenges over conventional motors as listed in Table 1 . Two great advantages of USMs are their high speed and high positional accuracy. Speeds of motors can reach velocities over 1.0 m/s. Typical motor positional resolutions are in the submicron to micron range. However, motors can have positional accuracies down to the sub nanometer range with a maximum speed of 0.3 m/s (Feinstein and Teschler, 2004) . Once stopped, the motors have a brake force of approximately their maximum push force.
The need for a high frequency power source and the frictional drive are the largest challenges facing USM design. While many motors use multiple high frequency input signals, it should be avoided if a more economical motor is desired. Each high frequency source used to drive a motor increases the total cost of an USM.
The performance of USMs motors is characterized by their maximum no-load speed or RPM, maximum push force or torque, and maximum efficiency. Typical load versus speed curves linearly decrease with an increasing load. Equation (1) is used to calculate USM efficiency curves where V and f are the output velocity and force, and v and i are the input voltage and current:
ULTRASONIC MOTOR DESIGN
The first stage of the design process was to generate a concept that had a reversible elliptical motion at a drive point. The elliptical motion is desired to optimize the speed and force capability of the motor. The flatter the ellipse the faster the motor will be but the force pushing capability will be reduced. Also, the steeper the ellipse the more pushing force but the speed will be reduced. The design process is iterative and starts with brainstorming for unique motor geometries. Once the motor concepts are created, the analysis process can be initiated. The first analysis stage of the development process checks for the desired normal modes of the motor and their associated natural frequencies. Modes that show potential in providing an elliptical motion at a drive point and that could also provide a reversible motion are sought. In the second stage, the driving frequency/frequencies are determined along with an estimation of the motor speed calculated by measuring the horizontal drive tip displacement at the drive frequency/frequencies. The third stage consists of measuring the motor vertical stiffness from the drive tip and the vertical displacement caused by a fully expanded piezoelectric element. These results are used to determine if there is sufficient vertical displacement and to estimate the motor stall force. Next, the motor is run in free space to check for a reversible elliptical motion at the drive tip. The fifth stage checks the motors static stress and is used to eliminate the drive tip clearance with the slider. The final stage is to run the motor simulation at various slider preloads, slider push forces, and drive frequencies.
The results are then evaluated including motor speed, stall force, stress, and contact statuses.
Preliminary Design Concepts
The USM design that resulted from the design approach discussed in the previous section is the twoelement motor shown in Figure 1 . This design is geometrically unique from any current USM designs. A two sided, elliptical shaped motor was designed by Shine-Tzong about the same time this motor was being designed (Ho, 2006) . There are at least three significant differences between the motor presented by Shine-Tzong and the motor presented in this article. The first is that the center post is grounded in the design presented in this article while the center post for the full elliptical design must be done differently. Significantly cleaner mode shapes were also obtained by the design presented in this article as compared to the full elliptical design. Furthermore, manufacturing of the single sided elliptical motor should be more easily accomplished.
The USM moves by driving one of the piezoelectric elements at the correct resonance frequency of the motor assembly. The drive tip vibrates in an elliptical motion against the slider propelling the slider in one direction. One piezoelectric element is used to drive the slider forward and the other is used to drive it in reverse. The following sections discuss the details of the USM shown. 
Materials
The motor materials have a significant effect on the motor vibratory characteristics and should be considered early in the design process. Tool steel was chosen over stainless steel for the stator frame because of its better wear properties. A standard soft piezo ceramic and a low hardness resin with low durometer and solvent free were used. Table 2 shows the material properties of tool steel for the stator frame, PZT for the piezoelectric elements, and an oxide ceramic material for the friction bar.
The damping properties of the materials significantly change the mechanical amplification amplitudes of the stator because USMs operate at or near resonance frequencies. The damping ratio for the PZT was calculated using Equation (2) which is valid when driving at a resonance frequency. In Equation (2), Q and are the quality factor and damping ratio, respectively (Harris, 2002) . The damping ratio of the PZT was calculated assuming a standard quality factor of 1000:
To model the damping in the motor frame, Rayleigh damping was used. Rayleigh damping is described by Equation (3) where C is the damping matrix, M and K are the structural mass and stiffness matrices, and and are the constant mass and stiffness matrix multipliers:
The constant matrix multipliers and can be calculated if one knows the modal damping ratios at several modes. If the damping ratio is only known for the fundamental mode it is an acceptable procedure in structural problems to assume ¼ 0 and can be estimated from Equation (4) where 1 is the fundamental mode damping ratio and f 1 is the frequency of the fundamental mode (Smith, 1998) :
By using Equation (4) and the damping ratios in Table 2 , the material-damping coefficient, , was calculated to be approximately 1 Â 10 À8 and 5 Â 10 À9 for the steel and PZT respectively assuming the fundamental mode was around 30 kHz.
Arch
The arch is one of the fundamental features of the proposed USM design. As seen by the mode shapes in Figure 2 , the top arch can provide a mechanical amplification at the drive tip in both the vertical and horizontal directions. Alterations to the arches cause changes to every characteristic of the motor including motor performance.
The first dimensions to be analyzed in the arch were the arch thickness, height, and width as defined in Figure 3 . As the arch height or thickness increased, the motor vertical stiffness, K Y , increased but the nonmodal amplified vertical drive tip displacement, UY PZT , decreased. The motor vertical stiffness, K Y , and vertical displacement, UY PZT , determine the motor's push force potential by determining the maximum normal force range that can be exerted by the motor on the friction bar. When the arch became taller and thinner, the horizontal modal displacement increased which would increase the motors speed. The mode's relative natural frequencies to each other could be altered simply by increasing the arch height or decreasing the arch thickness, which would decrease (Smith, 1988; Callister, 2000) . the difference between their frequencies. When the width of the arch was increased, keeping the rest of the motor constant, the vertical stiffness and displacement (K Y and UY PZT ) decreased, greatly decreasing the motors push potential. Figure 4 illustrates three arch base geometries that were considered: thick base, thin outer base, and thin inner base. The design's push force potentials were compared while keeping a constant vertical and horizontal frequency difference of 1 kHz. At the desired vertical displacement, UY PZT , of two microns, the thick arch had the highest force output potential while the thin outer and thin inner arches were 7.7% and 3.8% less, respectively. It should also be noted that if the vertical displacement, UY PZT , is allowed to decrease more, the motor force output potential could increase at a rate of approximately 40% per micron. The limiting factor being when the vertical displacement is decreased too far, motor stall will occur due to the surface roughness of the drive tip and friction bar and the motor will never move.
Legs
The next geometric feature of the motor that was considered was the legs. Three dimensions were altered (leg slant, width, and height) and two leg positions were considered (outside and inside). Shorter wider legs were determined to increase the motor speed by increasing the horizontal mechanical amplification at the drive tip. The motor's outside legs were thought to be more advantageous because they caused lower stress in the piezoelectric elements and less rotation of the side of the motor than the inside legs.
While the legs were originally planned on being vertical, by slanting them at an angle the vertical displacement, UY PZT , was increased and the vertical stiffness was relatively unchanged as long as the slant was not too large. The net result was an increase in the motor's push force potential.
A model was also considered that eliminated the legs all together. However, the structure had no way of supporting itself from rocking and had a low vertical stiffness. Even when a bottom arch was added and grounded at the center, the motor structure lacked the stiffness needed to produce the desired push force of the motor.
Center Block
The motor center block affects the motor speed and motor stiffness. The motor speed could be increased by increasing the width and decreasing the height. However, when the width is increased the arch width is also increased which reduces the motor potential push force. It was shown that the motor performs best when the center block is thin and rigid.
Piezoelectric Element Mounting
The final geometric feature considered was the piezoelectric mountings. The original design concept consisted of gluing both sides of the piezoelectric elements to the frame as shown in Figure 5 (a). However, the stresses in the corners of the piezoelectric elements were too large for this mounting configuration to work. To reduce the stress, a rotating end cap, Figure 5 because it widened the arch so much that the motor had very little push force potential.
The rotating end cap was chosen as the best mounting because of its compact design and lower stress on the piezoelectric elements. The siding interface in the ball and socket joint decouples the vertical stretching of the frame from the piezoelectric elements, which significantly reduced the stress in the elements. However, during simulation the end cap would separate from the frame causing a large detrimental effect to the motor performance. To stop the separation, the legs were moved to the inside position which causes more of a rotation effect on the motor ends than the outside legs.
FINAL DESIGN
After the piezoelectric mounting was determined, the arch, legs, and center dimensions were chosen to yield the desired performance characteristics. Table 3 gives the final specifications and dimensions of the motor. The frame was designed for piezoelectric elements that are 5 Â 5 Â 4 mm 3 in size. The thin-inner arch was chosen over the thick arch to reduce the oscillating mass of the motor. The thin-inner arch and inner legs allowed additional material to be cut off the motor sides to reduce further the mass of the motor sides. The reduced mass lessens the amount of inertia that the piezoelectric element preload force must overcome to keep the elements in compression and to keep the contacts from separating.
Final Geometry
The final geometry includes the chosen dimensions of the motor features previously described and is shown in Figure 6 . Additional fillets were added to allow machining by wire electrical discharge machining. Also as noted earlier, large chamfers were added to the motor's sides to reduce their inertial effects while the motor is operating. The base is made to bolt easily onto a fixture for testing. The final main motor body (not including the base used for mounting during testing) is approximately 17.4 Â 12.5 Â 10 mm 3 , which is relatively small.
MODELING DESIGN OF THE USM
The work in this article is based on the commercially available finite element modeling (FEM) program ANSYS. ANSYS was used to calculate the modal frequencies, mode shapes, frequency response functions, stress contours, displacements, motions, and other quantities of the proposed USM. This section discusses the results of this modeling and how they were used to develop the final USM design detailed in the previous sections.
Modal and Harmonic Analysis
Because of its vibratory nature, the first analysis used for the investigation of potential USM designs is modal analysis. FEM-based modal analysis can be performed relatively quickly and can be efficiently used to estimate various parameters in the USM design. One important fundamental of USM design is to operate the motor near resonance such that the small input amplitudes turn into large mechanical motions in the USM. At this beginning step, producing elliptical motion in two directions at the drive point is critical. The slider interaction with the drive tip was neglected for this preliminary analysis, but was later added to the dynamic simulation model. This first solution step loads the frame and piezoelectric elements with the preload force to accurately represent an assembled motor. Contact elements were added between the endcaps and frame, while the piezoelectric elements were glued to the center frame post and the endcaps. The glued boundary condition simulates a firm bonded connection. All of the models have fixed nodes in the vertical and horizontal directions at the bottom of the frame and center frame post as boundary conditions.
The mode shapes in Figure 2 are an example of a good USM motor frame. As will be noted later in the article, these are the actual mode shapes and frequecies of the motor presented in this article. The first two modes provide horizontal and vertical amplification at the drive tip. In addition, by examining the mode shape displacement, one could conclude that both of the first two modes could be excited by the actuation of the piezoelectric elements at the proper frequencies. Less desirable results would consist of a structure with modes that could not be directly excited by the piezoelectric elements or a structure with several undesired modes in close proximity with the desired mode. The motion resulting from such structures would likely not result in the formation of elliptical motion.
The next task was to estimate the drive tip vertical and horizontal steady-state displacements and relative phases. The piezoelectric elements were given a thermal coefficient of expansion to simulate the piezoelectric expansion that would happen with a 60 V sine wave. The 60 V sine wave was then simulated by applying a 1 temperature change to either element. It is noted that some software has piezoelectric material modeling capabilities. However, these were not used in this work. The model applies a step load of 1 to one of the piezoelectric elements which acts as the input for the frequency response. The harmonic analysis varies the load sinusoidally and calculates the horizontal and vertical displacement to generate the steady-state frequency response plots shown in Figure 7 .
The magnitude of the frequency response plot in Figure 7 (a) represents actual displacements since the input load is equal to one degree which represents 60 V. The results of the harmonic analysis at various frequencies were used to estimate the desired drive frequency of the USM and estimate the motor speed. To create an elliptical motion at the drive tip, a frequency must be chosen that provides a phase lag between the horizontal or vertical component of the motion. This is achieved by running the motor near resonance as seen in Figure 7 (b). The relative phase of the vertical and horizontal motion is shown by the bold line. The motor speed can be estimated by using the magnitude of the horizontal motion of the drive tip at the drive frequency, UY fdrive , and multiplying it by the drive frequency, f drive , as shown in Equation (5):
It should be noted that ANSYS assumes all nonlinearities as linear in modal and harmonic analyses. The stiffness of the contact interfaces is calculated at the beginning of the modal and harmonic analysis and is never changed. Once the sliding contact interfaces between the motor frame and end caps were added, the displacement magnitude over predicted what was later seen using the transient analysis programs. Thus, Equation (5) over predicted the motor speed, but was still useful to gage the change in motor velocities in varying designs.
Dynamic Analysis
Although significantly more computationally expensive, transient analysis is an essential part of the USM development process. An improvement to the modeling using a substructuring technique would likely improve solutions times significantly (Hohl et al., 2009 ). Since it can be computationally expensive, this analysis should be performed once the motor parameters have been estimated. The parameters can then be fine tuned in this analysis. The first transient analysis step is to trace the drive tip motion running in free space. Figure 8(a) shows a good motion of the unloaded motor drive tip which has a clear elliptical projectory. This illustrates a good motion because there is positive y motion while the motor is pushing in the positive x-direction. This will cause the motor to push against the slider as it pushes it forward. Then on the return stroke, the y motion is negative such that as the motor returns in x, it pulls away for the slider. It is also noted that the motion is very repeatable and consistent from startup to steady state. The width of the elliptical path can be used to estimate the drive speed of the motor by multiplying it by the drive frequency. Figure 8(b) demonstrates an inconsistent drive path, which would probably not produce the desired mechanical output of an USM once a slider is added. While considering different potential designs, this analysis was performed after the harmonic analysis to check for clean clockwise and counter clockwise elliptical motion. It is noted that due to the linear and non-linear models used that direct comparison of the numerical results in Figures 7 and 8 vary in magnitude. However, the results are used to show trends that should be looked for in the design of the USM.
Up to this point, the analysis neglected the slider/drive tip interaction but this is now considered in the Design of a Linear Ultrasonic Piezoelectric Motor modeling and is evident by the motor tip motion results presented in Figure 9 . Figure 9(a) shows a good drive tip motion against the slider. Notice the flat, smooth, top region of the path, where the drive tip would be in contact with the slider. Figure 9(b) shows an inconsistent drive tip motion that would result in poor motor performance. There is not a constant pressure against the slider during the upper half of the drive tip motion. The tip motion also appears to be inconsistent from loop to loop. Figures 8 and 9 also illustrate how FEM can be used to perform parameter optimization in the design of an USM. The desired output path can be obtained by modifying the USM parameters. In Figure 8(a) , the operating frequency was 30.1 kHz. In Figure 9 (a), the operating frequency as also 30.1 kHz at 75 V with a stage preload of 76 N. The maxiumum sliding force was 5 N and the maximum velocity was 0.4 m/s. This model is also used to analyze the stress and contact status in the USM structure throughout a full drive cycle. Particular interest is given to the piezoelectric elements that are softer and more fragile than the rest of the motor. Other parameters that were examined at different times during the drive signal to further understand the motor are the contact statuses (sticking, sliding, gapping) and localized displacements.
A photograph of the final motor design is shown in Figure 10 . In the general modeling approach, the preload band has a non-linear modulus but it was modeled as forces on the frame based on the relatively flat modulus of the material. The contact elements at the tip/ slider and endcap/frame connections are the main nonlinearities in the model. The PZT material was modeled as a linear material.
EXPERIMENTAL TEST SETUP
A photograph of the prototype motor built for experimental verification is shown in Figure 10 . The piezoelectric elements are glued into place with a low modulus epoxy to keep the elements and end caps from vibrating out of the frame. The drive tip was polished to ensure a fine surface finish. The two wires attached to piezoelectric elements 1 and 2 are the positive and negative leads of the motor. The small wire band shown in the front of the motor is used to apply the preload. Figure 11 shows the fixture designed to test the motor. The USM prototype is bolted to an aluminum piece and is mounted on a linear slide. The linear slide permits the motor to move freely into the output slider allowing adjustment to the motor preloading. The motor preloading is controlled by a screw and spring in series and is shown as the preload adjuster. A load cell is placed between the preload adjuster and the motor to measure the preload force on the motor. The motor may be operated in either direction by activating piezoelectric element 1 or 2 by flipping the switch in the proper direction. The ceramic drive surface was attached to the output slider by applying epoxy around the outside edges of the ceramic. The output slider also has holes on each side where a resistive force may be applied during motor operation. A HP Multifunction Synthesizer is used to generate a sine wave at the desired frequency. A Crown DC300A Amplifier then amplifies the signal. An oscilloscope monitors the amplified signal as it is being directed to the motor. A Polytec PSV 400 scanning laser Doppler vibrometer (SLDV) was used to measure mode shapes, low and high frequency motor frame displacements, and output slider speed. The SLDV was also used to measure the velocity and displacement amplitudes of the motor drive tip in two orthogonal directions and the end caps while the motor is not preloaded against the output slider.
Prototype Test Results
The USM prototype was first tested at a low frequency (200 Hz) to see if the expected steady-state amplitudes were achieved. The low frequency signal allows the piezoelectric elements to expand and contract while minimizing any dynamic forces. Table 4 shows the steady-state displacements for each piezoelectric element at different locations on the motor frame. As can be seen, the best displacement is 29% of the model result, while most are approximately 19% of the model results. Piezoelectric element 2 has a larger range of displacement ratios then element 1, which probably indicates improper contact between the end cap and frame. The cause of the discrepancies in the model and the prototype are discussed later in this section.
After the steady-state amplitudes were measured, the laser vibrometer was used to scan the motor tip in the vertical and horizontal directions. Random noise was fed into one piezoelectric element at a time and the drive tip was scanned. Figures 12 show the averaged frequency response plots of the scanned drive tip. White noise with an amplitude of 75 V was used to excite the system. The smaller spikes are due to some slight torsion that occurs along the length of the tip. Given that the finite element model predicted the first two resonance frequencies at 30.1 and 41.2 kHz, these response plots give a good indication of the frequencies at which the motor might operate. Plots showing the first three modes of the motor along with the frequencies are shown in Figure 2 .
A SDLV was used to measure the velocity along the entire length of the drive tip. The desire was to see if any torsional modes were making only parts of the drive tip move the entire horizontal distance or if the drive tip did indeed move with a uniform velocity along the entire length. Figure 13 show the horizontal velocities (blue) across the drive tip for several of the lower peaks of the frequency response plots. Although the first mode was used, both the second and third peaks seem suitable for driving the motor because of the fairly even horizontal displacements across the drive tip seen in Figure 13 . The motor was tested around both of these frequencies. It should also be noted that it is expected that the resonant peaks could shift during operation of the piezoelectric elements and when the slider interference is added.
After the initial testing was completed, the motor fixture was assembled and the motor was preloaded against the output slider. The motor was run at a light preload of 6 N and piezoelectric elements were driven through a range of frequencies of 2436 kHz. Motion of the output slider was achieved at 34.6 and 36 kHz while driving element 2. However, element 1 could complete the full output stroke of the slider from 27 to 29 kHz and also at 35 kHz. At a higher preload of 45 N, motion was achieved at 29.7 kHz, but was not as consistent. The motor performed the best using element 1 at 27.7 kHz. Table 5 shows the fastest speed as 55.6 mm/s and the highest load as 0.348 N, which was obtained using element 1. Table 6 shows the ratios of the results of the model and prototype. Most of the results are approximately 8% of the expected results from the model.
Modeling and Experimental Result Discrepancies
To determine the problem with the lower than expected steady-state displacements, the piezoelectric elements were measured to check for proper expansion. The PZTs should expand 1.9 mm at 60 V unbounded. With a small increase of load (caused by the frame) of 33 N, the expected expansion can be calculated to be 1.78 mm. By taking the PZT expansion and multiplying it by Poisson's ratio of 0.34, the sides were calculated to move approximately 0.605 mm. These results have a better than 95% correlation with the model so it was determined that the PZTs were expanding properly.
Given that the piezoelectric elements are operating correctly, there has to be compliance inline with the elements where the motion is lost. There are three potential sources of compliance in the motor assembly. The first one could be caused by glue and insulation on each side of the PZTs. The glue and insulation have a modulus of approximately 2.5 GPa. The stiffness of the glue layer can be conservatively calculated by Equation (6), where k is the stiffness, E is the modulus of elasticity, A is the area, and L is the length: Figure 14 shows the frame socket joint next to piezoelectric element 2. Glue layers on both sides of the end cap can be seen. The end cap has a flatter radius than specified in the original design. It was reduced during assembly when it was sanded. The total thickness of the glue layers on both sides of piezoelectric element 2 and in between the frame and end cap was measured to be approximately 0.8 mm. The area of the PZT facing the socket is 25 Â 10 À6 m 2 , by examining the glue layer under the microscope the glue is seen not to cover the entire area. Assuming the contact area to have an area of 16 Â 10 À6 m 2 and given a frame and PZT stiffness of 75 and 275 N/mm, respectively, the thick glue layers would account for 1.21 mm of lost displacement, which is approximately 71% of the total motion. From Figure 14 and the estimated loss displacement, it is theorized that the low displacement values of the motor at low-frequencies are mainly caused by manufacturing difficulties, which primarily is accounted for by the thick glue layers.
The second source of the of compliance inline with the PZTs could be caused by uneven pressure or clearances across the endcap and frame socket. Very small clearances in part of the socket could cause a significant reduction in piezoelectric motion. Because of the assembly difficulties, it would not be surprising if such clearances or uneven pressures existed across the end cap and frame joint. Varying thicknesses of glue on each side of the end cap would also create uneven pressure across the frame socket joint when a piezoelectric element is actuated.
The third source of compliance inline with the PZTs could be caused by the end cap joint. If the motor had been toleranced tighter, Hertzian stress in the ball and socket joint, (end cap and frame joint) would also have caused a loss of motion. Pressure between two curved elastic bodies causes surface stresses and surface displacements larger than what would be seen between to flat-sided bodies. Equations (7)(10) are the Hertzian cylindrical ball and socket equations and can be used to calculate the deflection of the end cap and socket (Roark and Young, 1975) . In these equations, 1 and 2 represent the socket and ball respectively, is Poisson's ratio, E is the modulus of elasticity, D is the ball or socket diameter, and p is the distributed load: 
When the motor was being manufactured, the end caps were sanded to help assembly. Assuming the socket to have been assembled without sanding or glue between the end cap and frame, the Hertzian displacement could be calculated by assuming a diameter of 24.5 mm and 25 mm for the end cap and frame socket, respectively, a load of 128 N, and the load distributed over 5 mm; the loss of motion would be 0.649 mm, approximately 34% of the total motion. The sanding of the end caps and frame give a reduced and unknown contact radius and width, which would increase the Hertzian displacement further. While the Hertzian stress did not cause the total lack of displacement with the prototype, it may have caused a loss of about onethird of the PZT motion. If a second prototype was produced, the Hertzian displacement could be reduced by using better tolerances on the ball and socket joint, increasing the ball and socket diameters, and using a higher modulus end cap. By combining the maximum likely effects of the glue gaps (71%) and the Hertzian stress effects (34%), 105% of the error is accounted for.
As another check to verify the FE model values, the prototype results were used as input and the velocity of the motor was again computed. The model inputs and the corresponding prototype values used in this comparison are shown in Table 7 . These values are not direct inputs but are obtained by reducing the input to the piezoelectric elements, slight reduction in the stiffness of the piezoelectric elements ($85%) of the original values and also slight increases in the damping of the piezoelectric materials ($30%).
The velocity of the motor as computed by the FEM is compared to the measured prototype velocity in Table 8 . The relatively close comparison of the values gives an error of 22.5%. This implies that the FE model is capable of modeling a motor with glue gaps if the modeler understands the effects of these glue gaps.
The piezoelectric elements on each side of the motor had a capacitance of approximately 300 nF. Since they are mostly capacitive, their resistance measurements are in the multiple megaOhm range. If the 300 nF piezoelectric device was being charged with a voltage slew rate (dV/dT) of 100,000 V/s, a current of I ¼ C(dV/ dT) ¼ (0.3e-6) Â (100,000) ¼ 30 mA would be drawn. The input power I Â V ¼ 0.03 Â 75 ¼ 2.25 W and the heating losses would be approximately 25% of the 2.25 W.
SUMMARY
A new geometrically unique ultrasonic motor was designed, built, and tested. An idea for a simple motor frame was conceived that consisted of an arch with a center ground with two piezoelectric elements connecting the frame to the center ground. Legs were added to the frame to increase its rigidity. Several FEM models were developed to design the motor and to predict its characteristics and performance. FEM proved to be a very powerful and accurate tool in the design and modeling of the USM. The model predicted a linear motor capable of pushing up to 5 N and a maximum speed of 0.4 m/s. Tool steel and oxide ceramic were chosen for the final motor prototype and slider. The USM prototype's piezoelectric elements did not provide the expected displacements in the motor frame. The cause of the lack of displacement was the thick soft glue layers inline with the piezoelectric motion. Had the motor been toleranced tighter, Hertzian displacement would have adsorbed one-third of the piezoelectric elements motion but this could largely be prevented in future designs.
The prototype frame's steady-state displacements were approximately 19% of the expected output from the FEM models. Given the low steady-state output, the motor still reached a maximum speed of 55.6 mm/s and a maximum push force of 0.348 N at a preload of 6 N. 
